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Abstract

High-frequency measurements reveal a rapidly changing, highly variable temperature regime
on the slope of Conch Reef, a coral reef in the upper Florida Keys, USA. Water temperatures
1 m above the reef were measured at 20 min intervals at 21 and 33 m depths from 1992 through
1997, for all of 1992 at 7m depth and 1997 at 10 m. While the annual variation in daily-
averaged temperatures was approximately 10°C in most years (Winter lows near 20°C to
Summer highs near 30°C), temperature fluctuations as large as 6 to 10°C were recorded within
individual days. Temperature variation is concentrated at semi-diurnal internal tidal frequen-
cies, with a variety of mechanisms including internal tides, internal tidal bores, and cold water
intrusions most likely related to variability of the Florida Current influencing high-frequency
upwelling at this site. An analysis of extreme values in the long-term temperature records is used
to predict return times for cold water upwelling events at depths of 7, 21, and 33 m. This analysis
provides quantitative, seasonal estimates for among-depth differences in the extent of cool
water pulsing. Return times for cooling events are shorter in May through September than in
October through April, and decrease markedly with increasing depth on the reef slope. In
Summer, the predicted median return times for a -3°C temperature anomaly are 136, 14, and
7 days at 7, 21, and 33 m depths, respectively. Predictable physical forcing arising from
upwelling of cool water may be an important source of externally derived nutrients and
suspended particles for this coral reef. The methods and results presented here should be
applicable to a range of studies of temperature variation and nutrient dynamics in the Florida
Keys and other regions. © 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Reef building (hermatypic) corals thrive primarily in warm, shallow, oligotrophic
waters characterized by limited seasonal variation in physical conditions. While light,
sedimentation, salinity, nutrient concentrations, and other physical variables such as
water motion can all play important roles in shaping coral abundance and diversity
patterns, it is water temperature that probably most limits the geographic distribution
of coral reefs. Both upward and downward deviations from a relatively narrow range
of temperatures can be problematic for individual coral colonies and for entire coral
reefs. High temperatures above approximately 30-32°C can produce adverse effects
ranging from bleaching associated with reversible loss of zooxanthellae, to death
(Jokiel and Coles 1990; Glynn 1991, 1993). Low temperatures, due to persistent local
upwelling, have long been invoked as an explanation for the limited coral reef
development in the eastern tropical Pacific (e.g. Dana, 1843). A general consensus has
since developed that corals are adversely affected by temperatures below approximately
18°C (Yonge 1940; Glynn and Wellington, 1983; Glynn and D’Croz, 1990; Veron, 1995).
Cold water can produce a variety of effects in hermatypic corals including slowed
calcification and growth rates, reduced feeding activity, release of zooxanthellae, and
death (e.g., Mayor, 1916; Shinn 1966; Glynn and Stewart, 1973; Jokiel and Coles, 1977,
Coles and Fadlallah, 1991). In addition, while the effects of rapidly fluctuating temper-
atures are poorly understood, both hot and cold shocks, even within acceptable
physiological limits, can represent a significant source of stress to reef corals.

Cooling on coral reefs can occur in response to long-term seasonal climate variabil-
ity, shorter term weather events such as passing atmospheric cold fronts accompanied
by strong winds, and a variety of mechanisms of nearshore upwelling. Mechanisms
of upwelling include Ekman transport in response to alongshore winds, nearshore
current meanders and gyres (Atkinson, 1977; Lee et al., 1992, 1994, 1995), tidal jets
(Wolanski, 1983, 1994), and forcing associated with internal tides, internal waves and
internal tidal bores (Wolanski and Pickard, 1983; Wolanksi, 1994; Quinn and John-
son, 1996; Leichter et al., 1996). Cool, subsurface water generally contains elevated
concentrations of dissolved nutrients (NO3, PO3 7) relative to warmer, surface waters
(Mann and Lazier, 1996). Both direct and indirect effects of changing nutrient
concentrations can, therefore, accompany the potentially deleterious thermal effects of
upwelling on reef corals. While high nutrient levels may negatively impact corals and
stimulate overgrowth by benthic algae (Tomascik and Sander, 1987), intermittent
upwelling may provide corals with important, and perhaps essential, nutrient pulses.
Upwelling of cool water and nutrients has been invoked as a partial explanation of
‘anomalous’ high productivity and diversity on coral reefs despite the oligotrophic,
low productivity waters in which reefs are generally found (Andrews and Gentien,
1982; Lapoint and Smith, 1987; Wolanski 1994). High-frequency upwelling driven by
internal tidal bores has also been implicated as a source of suspended particles and
planktonic larvae to a coral reef in the Florida Keys (Leichter, et al., 1998). Thus,
temporal and spatial variability in upwelling near coral reefs may influence temper-
ature variability and stress, the balance between locally- and remotely-derived
nutrients, and the dynamics of benthic populations with dispersing larval stages.
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This study was motivated as part of an on-going effort to understand thermal
variability and stress, and nutrient dynamics, on a coral reef within the Florida Keys
National Marine Sanctuary. Upwelling of anomalously cool water along the shelf
of Florida and the Florida Keys has been variously linked to seasonal variability in
coastal winds (Green, 1944; Taylor and Stewart, 1957), offshore meanders and gyres of
the Florida Current resulting in near-bottom intrusions of subsurface water (Atkin-
son, 1977; Atkinson and Blanton, 1986; Lee et al., 1985, 1992, 1994), interactions
between the cyclonic turn of the Florida Current in the Florida Straits and diverging
bottom isobaths (Blanton et al., 1981; Smith, 1982, 1983), and cross-shelf, near-bottom
transport by internal tidal bores (Leichter et al., 1996). While monthly mean temper-
atures along the Florida Keys reef track generally vary only 4-8° (winter lows
22-24°C, summer highs 28-30°C), upwelling events on a range of time scales from
weeks to days to hours may produce extensive, high-frequency temperature variability
within the seasonal temperature signal. The present study focuses on six years of
nearly continuous, high frequency temperature data collected across a depth gradient
on Conch Reef. These data represent the most extensive set of near-bottom temper-
ature observations available for the Florida Keys, and, to our knowledge, for any
coral reef. Although the present analysis is limited to a single site, similar patterns of
temperature variability have been observed in a shorter time series from Looe Key in
the lower Florida Keys (Lapoint and Smith, 1987), and at reef sites throughout the
Florida Keys from 1996 to 1998 (Leichter, unpublished data). Thus, high-frequency
upwelling may be a widespread and important phenomenon on reefs throughout the
Florida Keys.

2. Methods

Conch Reef, FL (24°59" N, 80°25 W) is a Holocene fringing reef lying along the
submerged Pleistocene margin of Key Largo (Shinn et al., 1989) in the upper Florida
Keys (Fig. 1). Small (1-2 m height) coral spur and groove formations run down the
fore reef from a depth of approximately 12-30 m where the formations break up into
isolated patches on coral sand. A mixture of hard and soft corals, sponges, and benthic
algae dominates space on the reef. At approximately 35 m the reef ends on a gently
sloping sand plain that extends 8-10 km to the deep channel of the Florida Straits.
This bottom slope is characterized by roughly 10-20 m increase in depth per 1 km
distance offshore to a depth of 300 m where the slope angle increases into the deep
channel (800-1200 m depth at 70-100 km offshore) of the Florida Straits. Surface
tides in the upper Florida Keys are mixed semi-diurnal with mean amplitude of
0.25-0.75 m.

Temperature data on Conch Reef were collected nearly continuously from
1992-1997 at 21 and 33 m depth, and throughout 1992 at 7 m and 1997 at 10 m. At 7,
21, and 33 m Ryan Tempmentors were fixed 1 m above the bottom recording at
20 min intervals for deployments of up to 3 months. An Onset Computers Stowaway
meter in a waterproof pressure housing and configured for rapid response times
(<20 s to temperature changes of 5°C (Leichter et al., 1998)) was fixed 1 m above the
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Fig. 1. Map of S. Florida, with the Florida Keys and offshore reef track including Conch Reef (24°59" N,
80°25" W). The approximate location of the 20 m bathymetric contour seaward of the reef track is indicated.

bottom at 10 m depth from December 1996-1997. Time series analysis was employed
to examine periodicity of temperature fluctuations in the continuous data record from
33 m for November 1994-November 1997. Low-frequency, seasonal variation was
first removed by subtracting a centered 90-day moving average, and a power spectrum
was calculated after fast Fourier transformation (FFT) of the residual data (Chatfield,
1989). A smoothed power spectrum was produced by Welch’s method of averaging
replicate spectra calculated on a series of non-overlapping 8192-point (114-day)
sections of the data using the computer program MATLAB 5.1 (MathWorks 1997).

For each day in the temperature records from 7, 21, and 33 m the mean, standard
deviation, minimum, maximum, and range (maximum-minimum) were calculated.
Monthly (31 day) means were also calculated. Daily minimum temperature anomalies
were calculated as the difference between the daily minimum temperature and the
monthly mean temperature (31-day centered moving average) for each day. The
distributions of extreme values in the daily minimum temperature anomaly records
were examined following the methods of Gumbel (1958), Jacocks and Kneile (1975),
and Galambos (1987) as outline in Denny and Gaines (1990) and Gaines and Denny
(1993). The principle of this analysis is to (1) divide the time series into a series of equal
length intervals, (2) record the extreme value in each interval, (3) rank these extreme
values in ascending order (tied values are given a mean rank) and (4) fit a continuous
probability function to their cumulative distribution. This cumulative probability
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function, P(x), describes the chance that the magnitude of the extreme value, x;, in
a single interval will be less than or equal to a given value of x:

P(x) = Prob(x; < x). (1

The inverse of 1 — P(x), t(x), describes the median (most probable) number of sample
intervals that will elapse between successive occurrences of a given extreme value x:

o(x) = 1/(1 = P(x)), 2)

where 1(x) is the median return time (in days) for the extreme value x. If the extreme
values are independent and identically distributed (i.e. the distribution of extreme
values is unchanging through time), and N is reasonably large (> 20), the cumulative
probability function approaches an asymptotic form described by Jacocks and Kneile
(1975):

P(x) = exp —[(o — px)/(oe — Be)]'"”, 3)

where o measure the rate of increase of P(x) with the natural logarithm of time, the
ratio of o/ estimates the maximum achievable extreme value (when o and f are both
>0), and ¢ is the most frequently occurring extreme value (the mode) (Denny and
Gaines, 1990). Lagged autocorrelations of the anomaly data at lags of 5-10 days were
non-significant. To ensure serial independence, the anomaly data were re-sampled
for the extreme values in 10-day intervals. Because temperatures at 21 and 33 m were
most variable during summer months (i.e. the variation in temperature varied sea-
sonally) the anomaly data for each depth were divided into records for each of two
seasons: May 1-September 30 (‘Summer’), and October 1-April 30 (‘Winter’).

Estimates of o, f§, and ¢ in Eq. (3) were found by maximum likelihood, nonlinear
curve fitting in the computer program Systat 6.01 (Systat Inc., 1996). R? values from
linear regression between observed values and values predicted by the fitted probabil-
ity function were examined as an estimate of goodness of fit.

The durations of cold temperature anomaly events from 1992-1997 at 21 and 33 m
depths were also examined. Temperature anomaly values were calculated by subtract-
ing monthly means (31-day centered moving average) from the 20 min sample interval
data. Durations for anomaly events at 0.5°C intervals from —1to —7.5°C were then
determined with a computer program that scanned the 20 min interval data files
recording the length (number of sample intervals) of each event where temperature
dropped below a given anomaly value. Means and standard errors for each value of
the temperature anomaly were calculated from the resulting list of event durations.

3. Results

The general patterns of near-bottom temperatures at Conch Reef were similar
across the six years of study - consistent seasonal trends of summer warming to near
30°C and winter cooling to the low 20°C set a background for extensive, higher
frequency variation. Fig. 2 shows the entire temperature records for 7, 21, and 33 m.
Table 1 presents temperature summary statistics for each depth for the Summer



916 J.J. Leichter, S.L. Miller/Continental Shelf Research 19 (1999) 911-928

yi

LA

159 7-10m P
SA
1/

HWALS

20

159421m

LI T o e e e e e S LA B s e e e e e e B L

Temperature (C)

N W
(% )

[
(=]

wlia bbby

—
W

33m A : B ¢ E : ¥
———

1992 1993 1994 1995 1996 1997

Fig. 2. Temperature recorded 1 m above the bottom at 20 min intervals at 7-10, 21, and 33 m depth on
Conch Reef, 1992-1997. Lettered sections from 33 m record are expanded in Fig. 3.

Table 1
Conch Reef temperature summary for Summer (May-September) and Winter (October—-April) 1992-1997

Depth (m) Season Mean (°C) Std Min Max Range N

7-10 S 28.7 1.6 23.6 31.3 7.7 269
21 S 28.1 1.5 18.6 31.1 12.5 790
33 S 27.3 1.7 16.8 309 14.1 711
7-10 W 252 1.5 20.5 29.2 8.7 456
21 w 24.6 1.9 139 29.7 15.8 1118
33 W 24.4 2.1 13.0 29.7 16.7 1100

(May-Sept) and Winter (October-April) seasons. Mean temperatures were approx-
imately 3-3.5°C lower in Winter than Summer at all depths. Minimum temperatures
were lowest at the deepest site, and temperature ranges were greatest at the deepest
site. At 21 and 33 m the maximum within-day temperature ranges were 9.9 and
10.6°C, respectively. These within-day temperature ranges represent 58 and 59% of
the overall temperatures ranges recorded for the entire six-year study period. Periods
of extensive temperature variation and corresponding large negative minimum tem-
perature anomalies were recorded in the summer of each year as well as in March of
both 1994 and 1996. Fig. 3 shows six expanded, 14-day sections of highly variable
portions of the temperature record for 33 m. Highly variable temperature conditions
at 33 m consisted variously of series of semi-independent rapid cold spikes lasting 1 to
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Fig. 3. 14-day sections of the temperature record from 33 m depth. (A) Sept 7-21, 1992; (B) Aug 19-Sept 2,
1994; (C) Aug 13-27, 1995; (D) Mar 21-Apr 4, 1996; (E) July 4-18, 1996; (F) July 1-15, 1997.
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Fig. 4. Power spectrum for temperature record from 33 m depth. Smooth spectrum produced by Welch’s
method of averaging replicate spectra calculated on a series of non-overlapping 8192 point data sections.

several hours (Fig. 3 panels A and B), as periods of overall cooling lasting several days
and accompanied by numerous rapid fluctuations (panels C and D), and as periods of
large temperature oscillations at predominantly semi-daily periods (panels E and F).
Highly variable temperature conditions were often, but not exclusively, associated
with days close the full or new moon when tidal amplitudes are greatest. Fig. 4 shows
the power spectrum for data from 33 m at frequencies corresponding to periods of 100
days-2 h. A single significant spectral peak is evident at a frequency corresponding to
a period of 12.4 h.

Fig. 5 shows calculated daily minimum temperature anomaly values at 7, 21, and
33 m for the entire study period. Fig. 6 shows frequency distributions for the minimum
temperature anomalies at each depth for May-September and October—April over
the entire study period. At both 33 and 21 m the distributions show a shift in Summer
to a relatively larger proportion of observations occurring at large negative minimum
temperature anomalies. At 7 m this shift did not occur and the shapes of the distri-
bution of anomaly observations are similar between Summer and Winter. Cumu-
lative probability distributions with fitted continuous probability functions for the
Summer and Winter daily minimum temperature anomaly data are shown in Fig. 7,
left column. Coefficients of linear regression for predicted vs observed values were all

>0.991, indicating excellent fits of the fitted probability functions to the measured
data. The overall shapes of the probability functions are similar across depths,
however, the location of the modes differ among depths and the proportion of values
at large anomalies is lowest at 7 m and increases from 21 to 33 m. For both 33 and
21 m the relative fraction of observations of large negative anomalies is markedly
greater in Summer than in Winter. Fig. 7, right column, and Table 2 show predicted
median return times for daily minimum temperature anomalies for the Summer and
Winter at all three depths. Return times show large differences among depths and
seasons with far longer predicted return times at 7 and 21 m than at 33 m especially
for large magnitudes of the daily minimum temperature anomaly. For example, the
median return times for —2°C minimum temperature anomaly are 3, 6, and 35 days
at 33, 21, and 7 m, respectively, in Summer, and 12, 16, and 38 days at 33, 21, and 7 m
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Fig. 5. Daily minimum temperature anomalies (daily minimum temperature minus 31-day mean temper-
ature) at 7-10, 21, and 33 m depth 1992-1997.
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in Winter. For a —4°C minimum temperature anomaly the median return times
increase to 17, 35, and 423 days in Summer and 210, 307, and > 1000 days at 33, 21,
and 7 m in Winter. Return time calculations can also be used to predict the magnitude
of the extreme minimum temperature anomaly that would be likely to be observed
over a given exposure period at each depth. Table 3 shows predicted extreme
minimum temperature anomaly values for exposure periods of 10, 100, and 1000 days.

Fig. 8 shows calculated event durations as a function of temperature anomalies
from —1to — 7.5°C. At each anomaly magnitude, more events were observed at 33
than at 21 m. The mean durations of cool water events were approximately
120-150 min at 33 m and 40-100 min at 21 m. At 33 m both the mean and the
variance of event durations increase with increasing magnitude of the temperature
anomaly from —4 to —7°C. This implies that the largest magnitude anomaly events
are associated with cooling on a longer time scale (hours to days) than are small
magnitude anomaly events which are associated with cooling on an hourly time scale.
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Table 2

Predicted median return times (days) for minimum temper-
ature anomalies from —2to —8°C at 7,21, and 33 m depth
for Summer (May-September) and Winter (October—April)

Summer Depth (m)

Anomaly (°C) 7 21 33
-2 35 6 3
-3 136 14 7
—4 423 35 17
-5 * 82 40
-6 * 178 95
-7 * 367 224
-8 * 720 530

Winter Depth (m)

Anomaly (°C) 7 21 33
-2 38 16 12
-3 469 72 49
—4 * 307 210
-5 * * 892
_6 * * *

*indicates return times > 1000 days.

Table 3

Predicted extreme values (°C) for daily minimum
temperature anomaly at exposure periods (return
times) from 10 to 1000 days

Exposure Period (d)

10 100 1000

Summer

7m —-0.9 —-2.8 —49
21 m —-2.6 —53 —8.5
33m —34 —6.0 —8.8
Winter

7m —-1.0 —-24 -3.0
21 m —1.7 —-32 —4.8
33m —-1.9 —-35 —5.1

4. Discussion

The observation of upwelling on coral reefs in general, and on reefs in the Florida
Keys in particular, is not without precedent. Sporadic upwelling may be an impor-
tant source of nutrients for reefs along the outer Great Barrier Reef (Andrews and
Gentien, 1982; Wolanski and Pickard, 1983; Wolanski, 1994), the Seychelles Islands
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Fig. 8. Mean duration of temperature anomaly events at 21 and 33 m for 1992-1997. Error bars represent
1 standard error of the mean.

(Novozhilov et al., 1992), the Gulf of Oman (Quinn and Johnson, 1996), the lower
Florida Keys (Lapoint and Smith, 1987), and other sites that lie in close proximity to
deep water and strong thermal/density stratification. However, while previous studies
have be confined to relatively short time series (weeks to months) the present six-
year study provides an unprecedented, long time series of high frequency, near
bottom observations. For the upper Florida Keys this provides a view of upwelling
not as isolated, rare events, but as a persistent, predictable aspect of the physical
environment.

From 1992-1997 water temperatures on Conch Reef were highly variable on a
range of time scales from minutes to seasons. While long-term (seasonal to annual)
patterns consist of predictable summer warming and winter cooling within a relatively
limited (6-8°C) range of monthly mean temperatures, strong signals of high frequency
variation are superimposed on these low-frequency patterns. Temperature variation
increases with increasing depth from 7 to 33 m, and temperature at 33 m can change
5-9°C within 20 min. Conditions often vary nearly as much within individual days as
across entire years. Close examination of highly variable portions of the overall
temperature record suggests that extensive temperature fluctuations can be driven by
a variety of mechanisms. The sudden, semi-independent temperature drops of as much
as 6°C often followed by more gradual warming (e.g. Fig. 3 panels A and B) represent
a characteristic temperature signal of internal bores arriving on the reef slope. Internal
bores produce pulses of cool water on the reef slope at roughly semi-diurnal frequen-
cies with durations of one to several hours (Leichter et al., 1996). During these events,
rapid drops in temperature are accompanied by sharp increases in flow speed, and in
concentrations of nutrients, chlorophyll @, and zooplankton (Leichter et al., 1996,
1998). The alongshore spatial scale of internal bores is unknown, but may be on the
order of one to several kilometers (Leichter et al., 1996). Patterns of high frequency
temperature variation should be modulated by offshore processes associated with
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meanders and eddies of the Florida Current. There is also strong seasonal modulation
of internal tidal forcing associated with summer warming and increased density
stratification of the thermocline.

The pronounced cooling periods lasting several days or more (e.g. Fig. 3 panels
C and D) likely represent subsurface intrusions of cool water onto the shelf seaward
the reef. Upwelling on a scale of days to weeks can occur between offshore Florida
Current meanders and the reef shelf. Upwelled water may travel alongshore, down-
stream with the mean flow as cool, cyclonic eddies (Atkinson, 1977; Lee et al., 1981;
Lee and Atkinson, 1983; Zantopp et al., 1987; Lee et al., 1992, 1994, 1995). The spatial
scale of such events may be on the order of 10s of kilometers, and sites along the Keys
reef track may show correlated periods of upwelling. Cooling due to passing weather
events, or outflow of cold water from the Florida Bay in Winter do not represent
upwelling of deep, nutrient rich water, and are an unlikely explanation of the large
temperature changes observed as deep as 20-30 m on Conch Reef. However wind
forcing may interact with Florida Current variability to produce upwelling (Lapoint
and Smith, 1987). As cool subsurface water is forced onshore below warmer surface
water, the strength of the density gradient at the thermocline/pycnocline should
increase, with accompanying periods of extensive internal tidal activity (e.g. Fig.
3 panel C). Temperature fluctuations as large as 5-9°C can also occur at reasonably
regular tidal intervals (e.g. Fig. 3 panels E and F), likely caused by vertical oscillations
of the thermocline under the influence of semi-diurnal internal tides. Hydrographic
sampling seaward of Conch Reef (Leichter et al., 1996, 1998) has consistently shown
a well defined thermocline/pycnocline at depths between 50 and 80 m capable of
supporting internal tides and internal waves. This thermocline also corresponds to
a marked subsurface chlorophyll ¢ maximum layer and nutricline. In August 1995
temperatures above 28.5°C were associated with chlorophyll a concentrations less
than 0.6 mgl~!, while temperatures of 21-24°C were associated with increased
chlorophyll a concentrations from 1.5 to 1.85 mg 1~ 1. Below the thermocline chloro-
phyll a concentrations are generally low in association with 12-15°C water at 100 m
and deeper. Lapoint and Smith (1987), Lee et al., (1994) and Leichter et al., (1996) have
all reported sharply increasing concentrations of NO3 and PO3" in subthermocline
waters seaward of the Florida Keys.

The long-term observations suggest that mechanisms of upwelling in the vicinity of
Conch Reef can interact to produce temperature variability at a range of time scales.
However, spectral analysis also clearly shows that temperature variability on the reef
slope is concentrated at the 12.4 h semi-diurnal internal tidal period. The interpreta-
tion that temperature variability is driven by mechanisms associated with M2 internal
tidal phenomena is not exclusive of other lower frequency mechanisms. Rather, events
such as cool water intrusions appear not to occur with regular periodicity that would
produce spectral peaks in the frequency domain. Lower frequency upwelling mecha-
nisms are likely to be particularly important for large-scale events with long return
times.

Spectral analysis provides limited information on the magnitude of forcing events.
However, the analysis of extreme temperature anomaly values provides quantitative,
site-specific predictions of the median return times for upwelling events as a function
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of the magnitude of temperature changes. The distributions of temperature extremes
(Figs. 6, 7) differ markedly both between seasons and across depths, reflecting greater
rates of cool water arrival in Summer than in Winter and increasing exposure to cool
water with increasing depth on the reef slope. Return times predictions represent
a probability statement regarding the most likely number of days that will elapse
between successive occurrences of cooling events of a given magnitude. In Summer,
for example, the median return times fora —3°C anomaly are 136, 14, and 7 days at 7,
21, and 33 m depths, respectively (Table 2). During the time it would take for one such
cooling event to be observed at 7 m, 9 events of this magnitude would be observed at
21 m and 19 would be observed at 33 m. In Winter the return times for events of the
same magnitude increase to 469, 72, and 49 days at 7, 21, and 33 m. Long return times
such as 469 days at 7 m suggest that events of this magnitude will occur very
infrequently even over several Winter seasons. The methods utilized here provide
a quantitative means of comparing near-bottom temperature variability among sites
and through time in a metric — the expected number of days between extreme events
- that is directly relevant to wide a range of physiological, ecological, and oceano-
graphic questions. Further, because temperature changes can be closely associated
with changes in nutrient, chlorophyll ¢ and zooplankton concentrations, the long-
term temperature records can be used in predicting return times for transport to the
reef of nutrients, suspended particles, and planktonic larvae.

The statistics of extremes employed here depend on assumptions that the extreme
values are independent and identically distributed. Independence was achieved by
examining lagged autocorrelations and re-sampling the data for the extreme values at
10-day intervals, corresponding to lags at which the autocorrelations were not signi-
ficantly different from zero. Where autocorrelation functions decrease rapidly with
increasing lag, fitted cumulative probability functions have been shown to be relative-
ly insensitive to re-sampling interval (Gaines and Denny, 1993). The assumption of
identical distribution (that the overall distribution of extreme values is unchanging
through time) is particularly important where predictions for return times of extreme
values exceeding those actually observed are of most interest. For certain mechanical
systems, where it is known that extreme values are truly identically distributed, it is
possible to predict critical extreme values at return times far longer than the sampling
duration (Jacocks and Kneile, 1975). In this study, long-term seasonal trends which
cause the data clearly to deviate from identical distributions where removed by
subtracting long-term running averages as well as by dividing the data into Winter
and Summer seasons. While extrapolation of the return times to anomaly values
outside the range actually observed is probably not justified, for the range of observed
anomalies and for return times within the range of the sampling period (1-1000 days),
the predicted median return times are likely to be quite reliable.

Both the long-term records and predicted return times for cool water anomalies
show that rapid cooling on the reef is not exclusively a Summer phenomenon. For
a period of several days in March 1996 near-bottom temperatures were as cold as
13.1°Cat 33 m and 15.9°C at 21 m. A similar period of extreme cool temperatures near
15°C was observed in March of 1994. These extremely cool periods, and the period in
August 1995 when temperatures fell into the low 20 s for several days likely represent
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large-scale intrusions of deep water onto the shelf. The six-year data set suggests there
has been no change in the annual mean or the maximum observed temperatures, but
does show that minimum observed temperatures were considerably colder in 1996
than in other years. Summer temperatures were particularly variable in 1996, a year
with an unusually large number of hurricanes and tropical storms in the western
Atlantic and Caribbean. Large storm events may trigger periods of intense internal
tidal activity and associated near-bottom temperature variability at Conch Reef
(Wing and Leichter, 1996). By contrast, in Summer 1997 mean near-bottom temper-
atures were the highest observed in the six-year study period, and temperature
variation was reduced. 1997 was a year with an unusually small number of large
storms in the western Atlantic and Caribbean.

The biological and potential ecological effects of high-frequency upwelling in the
Florida Keys are not well understood. Extreme upwelling and associated temperature
variability are known to be problematic for hermatypic corals (Glynn, 1993), and
coral mortality on Florida reefs have been reported when temperatures have fallen
below 15°C for periods of a few days (Shinn, 1966; Hudson, 1981; Davis, 1982; Porter
et al., 1982). Repeated upwelling caused by intrusions of deep water onto the shelf may
have contributed to relatively slow rates of Holocene reef accretion in the Keys
compared with other sites in the Caribbean (E. Shinn personal communication). The
present analysis shows that temperatures at Conch Reef frequently drop into the low
20°C, reach the upper teens occasionally, and can drop as low as 13°C for periods of
several days. Conch Reef lies near the upper latitudinal distribution limit for her-
matypic corals in the Western Atlantic. Return times for cold water anomalies suggest
that, over the decadal to centennial time scales representative of coral colony life
spans and the development of reefs, problematic low temperatures are likely to be
a common occurrence on Conch Reef. Yet, this and nearby sites in the Florida Keys
do support relatively high density and diversity of hermatypic corals. Persistent,
intermediate levels of high frequency upwelling may, in fact, represent an important
source of allochthonous (externally-derived) nutrients and suspended particles that
contribute significantly to productivity on Conch Reef (Leichter et al., 1998). Duration
of exposure may be as important as the magnitude of temperature anomalies in
determining biological effects. The mean durations of cool water events calculated
here are on the scale of 60-180 min and maximum durations were more than an order
of magnitude larger.

5. Conclusions

Long-term, high-frequency data reveal a highly variable temperature regime on the
slope of Conch Reef, Florida Keys. While temperature variability is concentrated at
semi-diurnal internal tidal frequencies, upwelling of subsurface water onto the reef
slope can occur on a range of time scales. Upwelling appears to be produced through
interaction of mechanisms associated with internal tidal forcing and variability of the
Florida Current. The later likely includes offshore current meanders and passing
cyclonic eddies. Predicted return times for cold temperature anomalies reveal
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significant spatial variability across the reef slope in the frequency and magnitude of
cooling events. The greatest temperature variability and shortest return times for
upwelling events are found at the deepest site. The observation of persistent upwelling
and associated cold temperature extremes emphasizes the fundamental interaction
between the benthic physical variability on this Florida coral reef and the surrounding
oceanographic environment. Understanding oceanographic mechanisms behind
spatial and temporal patterns of physical variability should facilitate a range of bio-
logical and ecological investigations and lead to a more complete understanding of
the ecology of Florida Keys coral reefs.
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